ITO, S., KARITA, K., TSUKAHARA, Y. and TASAKI, K . Electrical Activity of Perfused and Freely Swimming Squids as Compared with in vitro Responses. Tohoku J. exp. Med., 1973, 109 (3), 223-233-The in vitro and in situ electro retinogram of squid (Todarodes pacificus Steenstrup) was investigated with micro electrodes. The electroretinogram recorded from the retinal surface was a sustained negative potential, but the response from the deeper layer was a positive potential (deep response), indicating that the receptor cell acts as an electric dipole. By moving a spot of light along a line passing over the microelectrode, it was shown that the deep response spread laterally from an illuminated area into surrounding unilluminated areas. From an experiment of selective adaptation by a polarized light, two sensitive planes were found in the squid retina, one responding maxi mally to a horizontally vibrating e-vector and the other being maximally sensitive to a vertical e-vector. The peaking wavelength in the spectral response curve of the electroretinogram is 480m t and agrees to absorption maximum of squid rhodopsin. Recording from freely swimming squid with an implanted electrode revealed the existence of marked oscillatory potential which occurred either spon taneously or responding to photic stimulation. This oscillation was considered to be attributed to summated impulses of the optic nerve fibers. Thus it was con cluded that the axons of primary sensory cells convey impulses spontaneously to the central nervous system.-cephalopod; squid; retina; electroretinogram Recent studies in this laboratory have shown a number of important features of the octopus electroretinogram (ERG). Microelectrode recording from an isolated retina of the octopus with respect to the back of the eye revealed a sustained negative response from the retinal surface (surface response) and a positive response in the deeper layer (deep response). Although the apparent reversal of the response polarity from negative to positive during retinal penetration with a microelectrode is readily explained by the fact that the receptor cell acts as an electric dipole, other findings that the surface and deep responses behave differently with several stimulus variables cannot be interpreted in terms of a simple sinksource relation (Tasaki et al. 1963b, c) . More unexpected was a discovery that the deep response spread laterally into unilluminated areas which surround an illuminated region, and that from the locally illuminated area a positive potential spreads toward the center of the retina but a negative response spreads in the opposite direction (Tasaki et al. 1963a; Norton et al. 1965) . Later experiments have also proved that the octopus retina can differentiate between horizontal and vertical planes of polarized light (Tasaki and Karita 1966a, b).
The purpose of the present study was to investigate the nature of the electrical activity of the squid retina of which structure is basically the same as that of the octopus. In this experiment most of the findings obtained in the octopus retina have been confirmed also in the isolated retina of the squid. Furthermore, in the hope of recording spike activities, which had been unsuccessful in the octopus retina, in situ recordings from artificially perfused and freely swimming squids were attempted.
METHODS
Animals used were squids (Todarodes pacificus Steenstrup) which were captured locally. In the laboratory they were maintained in large outdoor acquaria which were constantly irrigated with sea-water. The methods for in vitro recording were almost the same as that employed in the previous studies on the isolated octopus retina (Tasaki et al. 1963c; Norton et al. 1965 ; Tasaki and Karita 1966a, b). The eyes were enucleated after decapi tation and all bundles of the optic nerve were cut thoroughly from the back of the eye ball. The anterior portion of the eye was also cut and the vitreous fluid was removed by suction with a piece of filter paper. Then the retina and attached sclera were flattened, sclera downwards, on a large plate of Ag-AgCl which served as an indifferent electrode. When the retinal preparation, which was mounted on the indifferent electrode, was placed on the experimental table, special care was taken so that the in situ orientation of the horizontal axis of the retina was parallel to the front edge of the experimental table. When a polarized light was used to stimulate the retina, the direction of electric vector (e-vector) was expressed with respect to the horizontal axis of the retina, practically the front edge of the table (Tasaki and Karita 1966a, b).
The method for in. situ recordings was similar to that developed by MacNichol and Love (1960) in order to record the spike activity from the visual pathway of the squid, and will be described briefly. The squid was wrapped in a lead jacket which also served as an indifferent electrode, and the gills were directly perfused by passing sea-water through two rubber tubings which were inserted into the mantle. The flow rate of sea-water (3-8 ml/sec) was determined so that the blue color of the blood due to the presence of oxy-hemocyanin could be maintained throughout the experiment. This was easily recognized by visualizing the pulsating large blood vessels through the semi-transparent muscles of the mantle . If the perfusion of sea-water was temporarily interrupted, the blue color of the blood faded out immediately. For in situ recordings of the retinal potential with glass microelectrodes , the lens and vitreous fluid were removed and the retinal surface was exposed .
Recording from freely swimming squids was made with an implanted electrode . This was an insulated stainless steel wire of about 1 cm long; one end was cut obliquely so that it could be inserted easily into the eye through the sclera, and the other end was soldered to a thin flexible enameled copper wire of about 1 meter long. Implantation of the electrode in the eye was accomplished by spearing the eye manually with the stainless steel wire while the squid was swimming in a small tank and the electrodes were connected with an AC amplifier. The tank, in which the squid was swimming during recording of the retinal responses, was made of galvanized iron, about 60 cm in diameter and 20 cm deep , and constantly irrigated with sea-water. The tank was covered with a tall cylindrical plastic wall of which diameter was slightly larger than that of the tank . The inside of the plastic wall and tank had been painted white so that a flash of light, which was provided by a glow modulator tube situated at the top of the cylindrical wall , could illuminate the eye equally regardless of the location of the squid in the tank . Since the inside of the metal tank was electrically insulated by a white paint , the outside (galvanized iron) of the tank and sea water inside the tank were connected to the ground separately . The indifferent electrode was a fishing hook which was lightly thrust into the muscle near the eye .Si gnals were lead by either glass capillary electrodes of less than 1 y or by metal electrodes, amplified by a conventional cathode follower and a DC or an AC amplifier , and di splayed on a cathode ray oscilloscope for photography .
A light source was a cold cathode gas discharge tube (Sylvania glow modulator tube , R 1131C) which was activated by a pulse generator . A small spot of light of about 2 mm in diameter was provided by a simple optical system and focused on the retina . Movement of a light spot on the retinal surface was achieved by moving the final focussing lens which was attached to a two-dimentional micromanipulator . For color experiments the light source was a xenon arc lamp and spectral lights of equal energy were provided by interposing a series of double-interference filters and neutral density filters in the optical path . The stimulus duration was controlled by an electromagnetic shutter .
RESULTS

Retinal penetration with microelectrodes
General characteristics of the ERG of the isolated squid retina is the same as that of the isolated octopus retina (Tasaki et al. 1963 c). Microelectrodes placed on the retinal surface recorded a sustained negative response following light stimula tion, and from the deeper layer a positive response was obtained. Fig. 1 is an example of the sequence of responses recorded with a penetrating microelectrode (depth experiment). In agreement with the experiment on the octopus retina, reversal of the response polarity from negative to positive concomitantly with a DC potential shift was readily observed in all experiments.
In situ experiment, however, was difficult because of various movements, such as rhythmic movements of respiration or an occasional jerky contraction of the mantle for ejecting water front the syphon. Thus it was unable to record a series of responses at successive depth during the retinal penetration although the general rule also held in the live squid. Fig. 2 shows only sample records of the surface (negative) response (Fig. 2, top ) and the deep (positive) response (Fig. 2 , bottom) obtained from a perfused squid.
Lateral spread of the deep response
It was shown in the isolated octopus retina that, when the retina was illuminated with a small spot of light, the negative response was recorded from the vitreal surface (this was referred to as the surface response) and within the illuminated area the positive response was obtainable from the deeper layer (the deep response), and that the deep response spread laterally into surrounding unilluminated areas (Tasaki et al. 1963b ). Further studies on the lateral spread of the deep response (Tasak et al. 1963a; Norton et al. 1965 ) have revealed that from the locally illuminated region positive response spread toward the unique central area of the retina (physiological center) and negatively responding potentials spread toward the near periphery, the potential distribution along the radius being asymmetrical. Along the direction perpendicular to this line (radius) the potential distribution was symmetrical, positive responses being recorded within the illumi nated area and the outside of it the negative responses spread. The anatomical basis of the lateral spread of potentials was considered to be the axon collaterals from the visual cell described by Young (1962) . Highly complex lateral connections in the deeper layer of the octopus retina have been also disclosed electron microscopically (Tonosaki 1965).
In the squid retina, however, no detailed anatomical study has been made in the plexiform layer. Therefore it is of interest to investigate whether or not the deep response would spread into the surrounding unilluminated areas in the squid retina. This was studied in the following experiment by the same method as was employed in the isolated octopus retina (Tasaki et al. 1963a; Norton et al. 1965). The retina was illuminated by a small circular spot of light (ca. 2 mm in diameter). A microelectrode was placed in the center of the illuminated area and then it was inserted deeper into the retina until the deep (positive) response of maximum amplitude could be recorded. Although the lateral spread of the deep response could be investigated by recording the deep response at all retinal areas within and outside the illuminated area while the same retinal locus was illuminated re peatedly, the experimental procedure of moving electrode required considerable time. Therefore, in the present experiment, the spot of light was moved instead, while the recording electrode was fixed at the same site. An example is shown in In the live squid, although the retinal surface was exposed by removing the lens and vitreous fluid, the eye movement and concavity of the retina did not permit the systematic scanning over the retina with a spot of light. Therefore, only the qualitative test was performed concerning the lateral spread of the deep response. Confirming the in vitro experiment, the negative response was recorded outside the illuminated area, while the positive potential was obtained within the illuminated area (Fig. 4) .
Experiment with polarized light
Previous study has disclosed that the octopus retina discriminates between the horizontal and vertical planes of polarized light, and horizontal and vertical arrays of microvilli of the outer segments have been considered to provide the structural basis for polarization analysis (Tasaki and Karita 1966a, b). Since there is no difference in fine structure of the visual cell between the octopus and squid, the squid retina would be expected to possess the ability of polarization analysis. This view was tested only in the isolated retina, because technical limitation did not permit the experiment in the live squid.
When the retina was dark adapted or light adapted by a non-polarized light, there was no periodic fluctuation in the response amplitude as the e-vector of stimulating light was rotated (control run, see top of Fig. 5 ). Since it became apparent that there was no differential response to different plane of polarization so far as the gross ERG was recorded, the method of selective adaptation was employed to separate submodalities from a compound response. In this experiment, the retina was light adapted by a polarized light of a certain direction (selective adaptation), and then immediately following this procedure the retina was illuminated inter mittently while the e-vector was rotated (test run). The duration of selective adaptation (20 to 100 sec or even longer), which varied from one preparation to another, was important, because too short adaptation was not effective to suppress any of the constituent response in the compound ERG , but too long adaptation affected all components, thus resulting in no selective adaptation . An example is shown in the bottom of Fig. 5 , in which the selective adaptation was made at 0°, evector being parallel to the horizontal axis of the retina . In the test run the response amplitude showed a periodic fluctuation as the e-vector was rotated . The minimum response appeared at the same direction of e-vector as that of adapting light (0° and 180°), and the maximum appeared at right angle to that of the adapting e-vector. In Fig. 6 only the effect of selective adaptation was illustrated graphically. In this example the retina was selectively light adapted at 0° (A in Fig. 6 ) and 90° (B) with the same result as was demonstrated in Fig .  5 . This result indicates the existence of two sensitive planes; one responds maximally to a polarized light of horizontal direction and the other to that of vertical direction. A preliminary account of this investigation has already been published (Tasaki and Karita 1966b).
Spectral response curve of the isolated squid retina
The effect of colored lights of equal energy was investigated by recording the surface and deep responses simultaneously. So far as the present experiment was concerned, the two responses behaved almost in the same manner as the wavelength of the stimulating light was varied. Fig. 7 represents an example of the wavelength-amplitude curve of the surface response. The peaking wavelength was found at around 480 my which agrees to the absorption maximum of rhodopsin of the squid Todarodes (Hara and Hara 1972).
Intraocular recording from freely swimming squids
Since, in the perfused squid, the retinal potentials were recorded after the eye was opened, some hemorrhage could not be avoided and therefore in many cases the response deteriorated in a short period. In swimming squids, on the other hand, the retinal response could be recorded indefinitely with an implanted Note that spontaneous oscillation occurred after light elicited response in the third and fourth traces from top, and also at the beginning of the fourth and the bottom traces.
Amplitude of ERG was much reduced because of short time constant (10 msec) of AC amplifier. those of spontaneous oscillation . The light-elicited response , however, had a d efinite latency, and the duration was simply determined by th e length of the stimulus, thus the two kinds of oscillation being distinguished . As the stimulus intensity increased, superimposed upon the well-known ERG , appeared much more striking oscillation of larger amplitude and higher frequency at the onset of th e stimulus (Fig. 8) . This might be of the same nature as reported in the Eledo n.e retina (Frohlich 1914) . Although the oscillatory potential could be recorded anywhere within the eye and in some occasions even outside the eye , the amplitude was largest when the electrode made direct contact with the retinal surface . The origin of the oscillatory potential will be discussed below .
DISCUSSION
In the present study, polarization analysis and lateral spread of the deep response have been confirmed in the squid retina . That the squid retina discri minates the horizontal and vertical planes of polarized light should be expected from the structural similarity of the visual cell between octopus and squid (Wolken 1958; Moody and Robertson 1960; Moody and Parriss 1961; Zonana 1961; Yamamoto et al. 1965 ). Since the structural basis for potential spread in the octopus retina has been considered to be the collateral fibers between the visual cells or their axons, the present finding of the lateral spread of the deep response in the squid retina suggests that the similar propagating mechanism must exist in the plexiform layer in the squid retina.
Most interesting finding in the present study has been obtained in the experi ment on the moving squid. Despite some injury due to implantation of electrodes in and around the eye, the animal behaved normally, and the electrical activity of the retina differed markedly from those of isolated preparation and of perfused squid. The amplitude of the ERG was large with rapidly rising and falling phase. But what characterized this preparation is the existence of the oscillatory poten tials which occurred either spontaneously or responding to photic stimulation. The spontaneous oscillation occurred only in very actively breathing squids, but was never seen in isolated retina or in perfused squid. This is in agreement with the results of Tsukahara et al. (1973) who succeeded in recording the optic nerve discharges from the live octopus.
Although no systematic investigation was made as to the origin of the oscilla tory potential, unpublished observation of Tsukahara et al. in lightly anesthetized octopus suggests, for the following reason, that the oscillatory potential is attributed to summated spike discharges of a population of optic nerve fibers : The oscillation could be abolished by retrobulbar application of tetrodotoxin to the optic nerve without affecting the ERG, and only the oscillatory potential could be isolated by recording from a cut end of an optic nerve strand. If this is the case, the result of this study would suggest that spontaneous discharges are generated in the axons of the primary sensory cells. The spontaneous discharge
